B
acteria and archaea inhabiting the subsurface seabed account for more than half of all microbial cells in the oceans (1, 2) . The subsurface communities are cut off from fresh detrital organic matter deposited on the sea floor. The energy available for cellular maintenance and growth decreases rapidly with depth and age of the sediment (3) (4) (5) . As a consequence, the microbial abundance and cell-specific metabolic rates decrease by orders of magnitude already within the top few meters of sediment (3, (6) (7) (8) . However, even hundreds of meters below the seafloor sediments are populated by microbes that actively turn over their biomass (3, 8) . The growth characteristics of these microbial populations are unlike anything studied in pure culture as estimates suggest that the generation times of subsurface cells are tens to hundreds of years (3, 7, 8) . As a model for how these deep biosphere communities are assembled, it was suggested that the microbes found in the subsurface seabed represent descendants of surface communities that were buried in the past (9) (10) (11) (12) . So far this model has not been tested systematically. Furthermore, it is not known if subsurface microorganisms during the burial evolve unique genetic traits conferring adaptation to this environment (13) . Studies of adaptation and evolution in freeliving microorganisms reported high genetic heterogeneity and rapid evolutionary change within natural populations. However, these studies have focused on dynamic or mixed environments with large population sizes and rapid growth, e.g., biofilms or planktonic communities (14) (15) (16) that are very different from the subsurface seabed environment.
According to "Drake's rule" (17) , DNA-based organisms only experience one fitness-affecting mutation per 300 genomes replicated. Therefore, in the highly structured subsurface sediment environment, for which generation times dramatically increase as burial proceeds (8), we predict that only a handful of adaptive mutations will arise during burial and that these will not be able to sweep through populations. Alternatively, depending on the strength of environmental selection, cells present in the subsurface seabed may accumulate mutations as a result of reduced potential for DNA repair due to extreme energy limitation. Here we test these hypotheses by exploring the microbial community assembly and evolutionary processes in the transition from shallow to deep marine sediment. Our findings have implications for understanding microbial life in one of the largest, yet most inaccessible, ecosystems on Earth: the marine deep biosphere.
Significance
Our study shows that deep subseafloor sediments are populated by descendants of rare members of surface sediment microbial communities that become predominant during burial over thousands of years. We provide estimates of mutation rates and strength of purifying selection in a set of taxonomically diverse microbial populations in marine sediments and show that their genetic diversification is minimal during burial. Our data suggest that the ability of subseafloor microbes to subsist in the energy-deprived deep biosphere is not acquired during burial but that these microbes were already capable of living in this unique environment. These findings represent a significant step toward understanding the bounds for life in the deep biosphere and its connection to life in the surface world.
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Results and Discussion
We combined PCR amplicon sequencing with single-cell and metagenomic sequencing to investigate how microbial communities assemble and evolve across sediment depths at four stations in Aarhus Bay, Denmark (Materials and Methods). The bay has a well-described sedimentary history with up to 10-m thick organic-rich deposits that represent the past 8,700 y of stable marine sedimentation (18) . The sampled depths varied between stations, but were selected to sample the five same biogeochemical zones at each station, namely: Top, the bioturbated surface sediment; SR, the underlying zone of anaerobic sulfate reduction; SMT, the sulfate-methane transition where sulfatedependent anaerobic methane oxidation takes place; MG, the methanogenic zone where biogenic methane is accumulating; and Bottom, the deepest sampled part of the sediments (methanogenic zone) (Fig. 1A and SI Appendix, Table S1 ). Although the depth distribution of sediment age and microbial carbon mineralization rates show little variation across stations in Aarhus Bay (19) , the depth of the SMT zone varies between stations due to differences in the thickness of the Holocene mud layer forming the marine sediment (19) . Across the sampled sediment depths (0-7 m) the microbial cell density decreased from 10 9 to 10 7 cells·g −1 wet weight (Fig. 1B) and the estimated mean generation time of cells increased from months to tens of years (Fig.  1C) . The generation times were estimated as the turnover time of cellular carbon by applying a model combining cell-specific carbon oxidation rates (inferred from experimentally measured sulfate reduction rates and cell abundances), estimated growth yield, and the carbon content of cells (Materials and Methods).
We used high-throughput 16S rRNA gene PCR amplicon sequencing to compare microbial community compositions in samples from the different geochemical zones. The community composition [expressed in operational taxonomic units (OTUs) defined by a 97% sequence similarity cutoff] changed strongly with depth, with the surface and sulfate-rich zones each supporting distinct communities whereas the deeper zones had more similar composition and lower richness (SI Appendix, Fig. S1 ). Within this dataset we successfully traced OTUs across the geochemical zones in the sediment and discovered that a small number of OTUs (79 OTUs) were present throughout all sampled depths of the sediment column ( Fig. 2A) . This core set of persisting OTUs represented less than 10% of the total OTU richness (SI Appendix, Table S1 ). The persisting OTUs showed low relative abundance in the Top layer (Fig. 2B ) but collectively made up a large proportion of the total microbial community in the deeper layers (up to 40-50%, Fig. 2B ). We confirmed the trend of persisting OTUs at two stations by PCR amplifying and sequencing the dsrB gene, which encodes the dissimilatory sulfite reductase in sulfate-reducing microorganisms (SI Appendix, Fig.  S2 ). The dsrB gene evolves faster than the 16S rRNA gene (20) . However, even when using a 98% similarity cutoff to cluster all dsrB sequence reads into OTUs, we observed OTUs persisting across depths and making up a large proportion of the reads in the subsurface dsrB sequence libraries (SI Appendix, Fig. S2 ). We consistently observed the same persisting OTUs at different sampling stations (SI Appendix, Fig. S3 A-C), indicating that the community change was due to environmental selection and not random sampling. These results offer strong empirical evidence for an assembly of subsurface communities by selection of those populations from the surface community that can effectively conserve energy for cellular maintenance and growth in deep sediments (9, 11, 12) . Approximately half of the microbial communities in the deeper sediment layers represents OTUs that did not persist across sediment depth (Fig. 2B ). To assess whether these OTUs represent a unique subsurface community, we identified 855 OTUs that were exclusively present in the MG and Bottom zones compared with the Top and SR zones of each of the four stations (SI Appendix, Fig. S3D ). Many of these OTUs were of low relative abundance and specific to individual stations, yet 380 OTUs were shared between the MG and Bottom zones of at least three of the four stations (SI Appendix, Fig. S3 E and F). This indicates the presence of a core subsurface community, which accounted for 8-14% of the reads in the subsurface sequence libraries.
The dominant persisting 16S rRNA gene OTUs belong to bacterial and archaeal lineages usually considered key components of the deep marine biosphere, such as Atribacteria, Dehalococcoidia, Bathyarchaeota, and Marine Benthic Group-B archaea (SI Appendix, Fig. S3 ). However, we find that the absolute abundance of these lineages peaks in the Top or SR zone (SI Appendix, Fig. S5 ). These lineages lack cultured representatives; however, our limited knowledge of their physiology points to a range of organotrophic metabolic strategies for generating ATP (SI Appendix, Table S2 ). Although the overall microbial abundance decreased strongly from the surface to the sulfate reduction zone and below (Fig. 1B) , the persisting OTUs did not Table S1 ). Sediment depth and age axes are not drawn to scale. (B) Microbial cell abundances determined by qPCR quantification of 16S rRNA genes in extracted DNA assuming that bacterial and archaeal cells on average harbor 4.1 and 1.6 gene copies, respectively. (C) Average generation time for cells as estimated from cell-specific rates of carbon oxidation, cellular carbon content, and growth yield (Materials and Methods). In the box-and-whisker plots, the middle line represents the median value for four different sampling stations and horizontal lines represent minimum and maximum values. The box stretches from the lower to the upper quartile and dots show outliers (>1.5 times the corresponding quartile).
follow this pattern. They either showed little change with depth or increased in absolute abundance in the sulfate-reduction zone (SI Appendix, Figs. S3C and S5B), suggesting that this zone is where the assembly of the subsurface microbial community mostly takes place. In agreement, our estimates of generation times suggest that the upper zones of the sediment sustain much faster microbial growth rates than the deeper zones and thus offer a potential for more dynamic changes in microbial community composition (Figs. 1C and 2C) .
Do the persisting populations undergo adaptive evolution in response to the decreasing energy availability with sediment depth, or are they already adapted to live under extreme energy limitation as previously hypothesized (9)? To answer this central question, we used metagenomics and single-cell genomics to assess the extent and nature of genomic change in four dominant persisting lineages with sediment depth and age. We extracted cells from the upper part of the sulfate reduction zone (0.25 m depth) and from the methanogenic zone (1.75 m) at station M5 (SI Appendix, Table S1), sorted individual cells randomly by flow cytometry, and amplified and sequenced each of their genomes. We obtained 17 single-cell amplified genomes (SAGs) representing four different taxonomic lineages, which all harbor persisting populations (SI Appendix, Table S3 and Fig. S6 ). We also constructed metagenomic DNA sequence libraries from 0.25, 0.75, 1.25, and 1.75 m sediment depth of station M5 (SI Appendix, Table S1 ). We then mapped the reads of each library onto predicted genes in the assembled SAGs with a conservative nucleotide identity cutoff of 95%, which represents the recognized species boundary in prokaryotic systematics (21) . From these data we could measure the genetic diversity in the persisting lineages represented by the SAGs and evaluate their mode of evolution. We first calculated genomic nucleotide diversity (π) as the average number of single-nucleotide polymorphism positions (SNPs) per base pair for each lineage and depth. The observed nucleotide diversity was low [≤0.0075 SNPs bp −1 ; notably, the sequencing error rate was >10-fold lower (Materials and Methods)] and mostly varied within less than twofold over depth depending on the population (Fig. 3A) . These results indicate that absolute levels of diversity in persisting populations are similar across sediment depth. We also found that, within lineages, individuals from different sediment depths shared a high proportion of identical SNPs within their genomes (40-60%; SI Appendix, Fig. S7A ). It is highly unlikely that populations in different subsurface zones have exchanged cells or genes because the clay sediments show no advective fluid or gas flow, and the energy limitation prevents dispersal of cells by motility (7) . We thus conclude that populations separated in time (thousands of years) and space (meters) throughout the sediment column are genetically very similar because they hardly accumulated any mutations during burial.
With our data it was possible to infer mutation rates (μ g ) in natural sediment populations assuming μ g = π/2N e (22, 23) , where π is the observed nucleotide diversity and N e the effective population size. For the calculations, we assumed that N e equals the total population size, which we determined for each SAG from the relative abundance of mapped reads in the metagenomes and microscopic cell counts (Fig. 3B) ; see refs. 24 and 25 for a discussion of using the relative abundance of mapped reads in metagenomic libraries for estimating population sizes. We furthermore normalized for genome size (SI Appendix, Table  S3 ) and the mean number of generations that separate the populations across sediment depth (Materials and Methods). For one atribacterial population, the inferred mutation rate decreased 100-fold with depth from 3·10 −3 to 10 −5 per genome per generation (Fig. 3C) . For the other populations mutation rates were rather constant at 10 −4 -10 −3 per genome per generation (Fig. 3C ). Overall our data suggest that mutation rates and repair in the slow-growing and energy-limited subsurface microbes are not inherently different from those of fast-growing species because they are remarkably similar to rates reported by Drake for DNA-based genomes (17) , for Escherichia coli cultures (26) , and for natural biofilm communities (15) . The low mutation rates of <10 −3 per genome per generation inferred for some of the persisting subsurface populations indicate that their effective population size (N e ) is only a fraction of the measured total population size (1-90%, depending on the population).
In addition to the effective population size, the estimated mutation rates are sensitive to uncertainties in determination of SNP diversity and cellular generation times. The metagenome sequencing error rate was low and is unlikely to influence our results (SI Appendix). We used linear models and F tests and the type II sum-of-square test to exclude that differences in genetic diversity among lineages were simply explained by technical variables such as number of SAGs analyzed, the number of predicted genes, and the number of reads mapped to predicted genes (SI Appendix, Table S3 ). Differences in the number of reads mapped on SAGs do explain some of the diversity differences observed, but genuine differences among lineages remain (P = 0.016). Our generation time estimate is based on empirically determined parameters (Material and Methods); of these, cellular carbon content varies twofold (27) and sediment age by 2% (4), whereas rates of carbon mineralization were modeled from experimental data with a SD of 5% (19, 28) . Finally, cellular growth yields likely vary by a factor of 2-3, according to pure culture studies and subsurface sediment modeling (3, 6, 8) . These uncertainties overall result in an approximately fivefold variation of generation times, which are linearly linked to a corresponding variation in mutation rates.
It is an open question whether, in the subsurface, populations undergo adaptive evolution or if selection is even stringent enough to remove deleterious mutations and thus maintain gene functions. The stringency of selection within a population can be measured by the ratio of nonsynonymous (P n ) to synonymous (P s ) SNPs within protein-coding genes (29) . Purifying selection maintains gene function by removing preferentially nonsynonymous mutations. Lower P n /P s ratios throughout a population indicate stronger purifying selection, whereas adaptive selection yields P n /P s ratios >1. We used the populations represented by the SAGs to compare the strength of purifying selection acting on these populations at 0.25 and 1.75 m sediment depth and asked the question whether the selection regime shifts with sediment depth. P n /P s ratios were generally well below 1 and thus indicative of stringent selection. In three of four taxonomic lineages, we could not detect a significant shift in genome-wide P n /P s ratios with depth (SI Appendix, Fig. S7B ). In the Atribacteria, we observed a small, yet statistically significant, shift toward higher P n /P s ratios at 1.75 m depth, compatible with modest relaxation of purifying selection in deeper sediments. We expected that genes encoding key functions in subsurface sediment still undergo purifying or adaptive selection, whereas genes obsolete in this environment may experience relaxed purifying selection. We compared P n /P s across broad functional gene categories, but found no trend with depth (SI Appendix, Fig.  S7B ). Our data thus indicate that the selection regime remains mostly unchanged across depth in the subsurface sediments.
Although we explored evolutionary changes occurring within the upper 2 m of sediment, covering a time span of 2,000 y (or 500 generations), we expect that our findings can be generalized to deep, million-year-old subsurface sediments: because generation times increase successively upon burial, even in 1 millionyear-old sediment layers [spanning over 6,000 generations (8)], most generations, and thus the greatest scope for adaptive evolution, is still within the top few meters, i.e., in the zone that we analyzed.
In conclusion, our study shows that subsurface microbial communities in nonadvective marine sediments predominantly assemble by selective survival of surface populations without detectable further diversification or adaptation in deeper sediments. Our results also indicate that mutation repairs, and therefore gene functions, are maintained in the subsurface sediment despite the extreme energy limitation, which is consistent with existing biogeochemical evidence for microbial metabolic activity throughout the marine deep biosphere.
Materials and Methods
Please see SI Appendix for a detailed description of the materials and methods.
Sediment Sampling. Sediment cores were collected from five stations in Aarhus Bay (SI Appendix, Table S1 ). The stations differed by the sediment depth of the sulfate-methane transition zone (the depth at which sulfate becomes depleted and methane begins to accumulate). The cores were subsampled for DNA extraction by a protocol, which removes extracellular DNA (30) , and for whole-cell extraction for single-cell sorting. The biogeochemistry of the studied cores is reported elsewhere (19) .
PCR Amplicon Sequence Libraries. The 16S rRNA and dsrB gene fragments were PCR-amplified using universal primer pairs. The dsrB gene encodes the β-subunit of the dissimilatory sulfite reductase and represents a phylogenetic and functional marker gene for dissimilatory sulfate-reducing microorganisms (20) . Barcoded PCR products were sequenced on an Ion Torrent PGM using 300-bp chemistry (Life Technologies). A mock 16S rRNA gene community was sequenced to test for contamination during sequencing procedures and to test the fidelity of our OTU clustering procedure.
Quantitative PCR. SYBR-Green-based quantitative PCR (qPCR) was used to quantify total bacterial and archaeal 16S rRNA gene copies in extracted DNA using published general primer pairs. Furthermore, 16S rRNA gene copies of selected bacterial and archaeal lineages were quantified using customdesigned primer pairs.
Metagenome Library Construction. Metagenomic sequence libraries were constructed from DNA extracted from 25, 75, 125, and 175 cm sediment depths of a single station by Illumina sequencing. For each library, sequencing error rates were quantified by analyzing the sequencing reads from the phiX174 phage genomic DNA added to all sequencing runs as an internal control as part of the standard Illumina sequencing protocol.
Generation of Single-Cell Amplified Genomes. Single-cell sorting, whole-genome amplification, and 16S rRNA gene PCR screening of single cells were performed at the Bigelow Laboratory Single Cell Genomics Center (scgc.bigelow.org) using its established protocols as previously described (31) . SAGs were sequenced on a MiSeq instrument with paired-end 2× 300-bp chemistry.
Estimation of Genomic Mutation Rates. Per generation mutation rates (μ g ) were calculated according to π = 2N e × μ g (22, 23) assuming that effective population size (N e ) equals the total observed population size. The π values (SNPs base pair −1 ) were calculated by mapping metagenomic reads onto predicted genes in SAG assemblies following a stringent procedure for selecting genes and SNP positions for the analyses to minimize bias from differences in mapping coverage between sediment depths and between lineages (SI Appendix). Genomic mutation rates were then calculated from estimated genome sizes of SAGs and the estimated average number of microbial cell generations separating a given sediment depth from the surface sediment derived as described in Estimation of Rates of Microbial Biomass Turnover.
P n /P s Ratios. The ratio of nonsynonymous to synonymous number of SNPs (P n /P s ) was calculated by mapping metagenomic sequence reads from 25-cm and 175-cm sediment depths onto genes predicted in the SAG assemblies.
Estimation of Rates of Microbial Biomass Turnover. The average rate by which cells turn over their biomass in subsurface sediments was estimated from measured rates of sulfate-dependent carbon oxidation, total cell abundance, and sediment age (8) . Sulfate reduction is the main terminal electronaccepting process in coastal marine sediments and accounts for the entire net oxidation of organic matter to CO 2 in the SR zone. Sulfate reduction rates therefore represent the metabolic activity of the entire anaerobic microbial food chain in this zone (6, 8) . In marine sediments, including Aarhus Bay, sulfate reduction rates decrease with sediment depth according to a power law function that can be extrapolated below the SMT zone to reflect carbon mineralization rates in the methanogenic zone (i.e., by methanogenesis) (19, 32) . We therefore used such a power law function determined for Aarhus Bay sediments (19) to calculate organic carbon oxidation rates. Cell-specific carbon oxidation rates were calculated from total cell abundances and were used to estimate biomass turnover of cells assuming a growth yield of 8% (8) and a cellular carbon content of 21.5 fg (27) . The biomass turnover serves as a proxy for the generation times of cells assuming that the cells indeed are growing by cell division in the energydepleted subseafloor as opposed to being in a nongrowth state where cells merely repair and sustain their biomolecules (9) .
